To establish a routine procedure for SNP marker development, the previously reported T m -shift SNP genotyping procedure was validated and extensively improved. The effect of introducing mismatched nucleotides into allele-specific primers, using alternative fluorescent dyes, and varying the DNA polymerase species on SNP discrimination was examined at more than 100 known SNP loci in a solanaceous crop, eggplant. As a result, it has been shown that a success rate over 80% can be achieved with T m -shift SNP genotyping using directional trials with automatically designed primer sets and a routine protocol for the reaction condition tests.
A number of techniques for SNP genotyping have been reported, including those based on allele-specific PCR (Sommer et al. 1992) , single-base extension (Syvanen 2001) , probe hybridization (Livak et al. 1995 , Piatek et al. 1998 , Schutz et al. 2000 , and microarray technology (Hirschhorn et al. 2000) , among others (Kwok 2001) . Each method has advantages and disadvantages compared with the others in regard to cost, specificity, and throughput, and no clearly superior method has been established. Among them, T m -shift SNP genotyping Higuchi 1999, Wang et al. 2005) , a method that combines allele-specific PCR with discrimination of PCR products by melting-curve analysis, has the advantages that it does not require fluorescently labeled primers and that alleles are identified without any additional reactions or experimental manipulation; therefore, this typing method is likely to be quite useful when a relatively large number of SNPs are to be genotyped in a short period of time at reasonable cost. Versatility and compatibility with every SNP of interest, however, is one of the most important features of the SNP typing method when a large number of SNP markers are to be developed. Here we report the validation of the previously reported T m -shift SNP genotyping procedure and improvements to the marker development process to establish a routine procedure for SNP marker development.
Optimization of reaction conditions and primer design to improve allele discrimination
All experiments in this study were performed using a solanaceous crop species, eggplant (Solanum melongena L.). Preliminary evaluation experiments were conducted following the procedure described by Wang et al. (2005) completely except that, because the heat-activated Stoffel-Gold enzyme was commercially unavailable, the standard Stoffel fragment (Applied Biosystems, Foster City, CA) was used with anti-Taq antibody (Platinum Taq Antibody, Invitrogen, Carlsbad, CA) to enable the hot-start reaction, as recommended by the authors. An example of the SNP locus examined in the trial experiment is shown in Fig. 1 . Although Wang et al. (2005) reported a success rate of more than 80%, our SNP genotyping was successful for only 1 SNP site (C/A allele) of the 5 sites tested (two C/T, two C/A, and one G/T alleles). It was strongly suggested, therefore, that some modifications should be made to the original procedure in order to improve T m -Shift PCR genotyping as a standard method for SNP marker development.
In the 4 failed experiments, it seemed that allele-specific primers (ASPs) for G or C alleles tended also to work on A or T alleles with considerable efficiency, which led to low allele specificity. As an example, Fig. 2A shows the result of T m -shift typing using pASP1 and pASP2, shown in Fig. 1 . The low success rate observed in the preliminary experiments was not likely to be due to the peculiar nucleotide sequences neighboring the SNP sites since no specific structures existed, such as long homopolymers, highly GC/AT rich regions or simple sequence repeats. Another possibility is that the lower success rate was owing to the use of the standard (non-heat-activated) version of the Stoffel fragment polymerase. The original report remarked that greater care should be taken in primer design to eliminate mispriming and dimerization of the primers when the standard Stoffel fragment was used. No practical procedures or methods were provided except for the anti-Taq antibody to suppress undesired priming, the effect of which seemed to be insufficient in our data.
In order to achieve higher allele specificity, an A/C or T/G mismatch was introduced at the 3rd nucleotide position from the 3′-end of the ASPs (shown as mASP2 in Fig. 1 ), according to the method of Hayashi et al. (2004) . The introduction of mismatched nucleotides into the ASPs for both wild and mutant alleles did not improve allele specificity in any of the 4 SNPs (data not shown). In contrast, introduction of a mismatch into only the ASPs corresponding to G/C alleles significantly enhanced allele discrimination (Fig. 2B) , and 3 SNPs were successfully genotyped of the 4 loci that were unable to be typed with the original method. When this modification was adopted, both the Stoffel fragment and the native Taq polymerase produced acceptable results even without the anti-Taq antibody. It was also found that switching the fluorescent dye used for melting-curve analysis improved the results in some cases. The last SNP locus (C/T allele) that failed in previous trials was finally successfully genotyped when a saturating double-stranded DNA staining dye, EvaGreen (Biotium, Inc., Hayward, CA), was used instead of a non-saturating dye, SYBR Green I (Fig. 2C, 2D ). In addition, it was observed that for some primer sets, the reactions produced less stable results when EvaGreen was added to the reaction before PCR than when it was mixed in after PCR, just prior to melting-curve analysis (data not shown). This difference was not observed in the experiments using SYBR Green I.
Development of a tool for automatic primer design and establishment of a routine procedure for marker evaluation Given the preliminary results shown above, we tried to develop SNP markers on a larger scale. In all experiments, Fig. 1 . Example of primer design for T m -shift PCR genotyping. Genomic DNA sequences and primers corresponded to the data shown in Fig. 2A and 2B. ASP1 and ASP2 are allele-specific primers (ASPs) for A allele and C allele, respectively. Lower-case letters at the 5′-end of ASPs indicate short (pASP1) and long (pASP2 and mASP2) GC-rich tails. Asterisks indicate SNP positions. A mismatch nucleotide (C) introduced in mASP is shown as a white letter on a black background. Fig. 2 . Improved genotype discrimination of T m -shift PCR genotyping. We tested the effect of introducing mismatches into allele-specific primers by genotyping a C/A SNP locus using a perfect-match primer set (A) or a mismatch primer set (B). The 3′-end sequences of allelespecific primers for the C allele and A allele were 5′-…ATAAC-3′ and 5′-…ATAAA-3′, respectively. In the mismatch primer set, the third nucleotide from the 3′-end of an allele-specific primer, A, was replaced with C to make mismatch primer 5′-…ATCAC-3′ only for the C allele-specific primer. Asterisks indicate false peaks derived from the C allele-specific primer in the A homozygote. We also examined the effect of different dyes. The result of C/T SNP discrimination using SYBR-Green I (C) and EvaGreen (D) is shown as an example.
PCR reactions were performed using standard PCR equipment (GeneAmp 9700 dual 384-well blocks, Applied Biosystems, Foster City, CA). After the reaction, the reaction plates were transferred to real-time PCR apparatus, LightCycler 480 (Roche Diagnostics, Indianapolis, IN), only for melting-curve analysis. The PCR reactions were set up as shown in Table 1 . Two polymerase-dye combinations, native Taq polymerase plus SYBR Green I and Stoffel fragment plus EvaGreen, were compared, because the other combinations (Taq plus EvaGreen and Stoffel plus SYBR Green) exhibited no advantages or very little over the two combinations in the preliminary trials (data not shown). SYBR Green I was mixed in prior to the PCR reaction and EvaGreen was added after PCR and prior to melting-curve analysis based on the result of preliminary trials.
Perfect-match ASPs (pASPs) were designed for all alleles of A/C, A/G, T/C, and T/G SNPs, whereas mismatch ASPs (mASPs) were tried only for G or C alleles. Only pASPs were used for A/T and G/C SNPs. Wang et al. (2005) reported that ASPs and common primers should be 14-17 mers and 22-27 mers, respectively, and the distance between the primers should be less than 20 bases. Because ready-made primer design tools were not efficiently applicable for dealing with the atypical parameters required in T mshift primer design, we developed a simple Perl script, 'tms_primer_designer.pl' in order to design PCR primer sets for T m -shift genotyping. In association with a standard primer design tool, Primer3 (Rozen and Skaletsky 2000) , the script generates all possible primer pairs on both strands that meet the conditions described above and selects the best primer pair based on a primer-pair penalty value calculated by Primer3. The script and accompanying document are available from the authors on request. The thermal cycling program of the PCR reaction and the thermal conditions in melting-curve analysis were set according to Wang's original report.
T m -shift PCR-based marker development was tested for 137 SNPs. All primer sets were designed automatically using 'tms_primer_designer.pl' without any further manual inspection. Four primer-enzyme-dye combinations were examined for all primer sets and the combination of Taq-SYBR-mASP showed the highest success rate, 74% (Table  2) . Although the combination of Stoffel-EvaGreen-mASPs resulted in the lowest success rate (43%), some SNPs could be discriminated only by this combination. Of the 137 SNPs, 117 (85%) were successfully identified in at least one reaction condition, and only 15% were unable to be genotyped with any set of conditions used in the experiment. Because only one primer set was tested for each SNP (with and/or without a mismatch in the ASP) designed by 'tms_primer_designer.pl', some portion of the failed SNPs may be successfully typed using other primer pairs, for example, those designed on opposite strands. To establish a common procedure for developing T m -shift PCR markers, 25 SNP loci were randomly selected and the success rate was simulated under 4 sets of experimental conditions run in different orders. The primer classes (i.e., pASP or mASP) for the first and second steps were set to be the same to minimize the cost of the second round synthesis of another class of primers. As shown in Fig. 3 , even though the final success rate after the 4th trial step was the same in each order, the average of 50 replications of the simulation indicated that the best strategy to reduce the cost and effort of the experimental trials for practical marker development would be to first perform reactions with mASP, Taq polymerase and SYBR Green I, and then perfect-match primers should be synthesized only for SNP loci that have not been successfully genotyped (order B-D-A-C). The second step (D) can be omitted because a quite limited number of SNP would be successful compared to the first step (B). In an experiment with the order A-C-B-D or C-A-B-D, however, the second trial step must be included because the success rate is significantly increased in the second step; therefore, it is suggested that order B-(D)-A-C is the best course to achieve the maximum success rate with the minimum experimental work and cost.
Conclusion and Perspectives
In this report, we have shown that a success rate over 80% can be achieved with T m -shift SNP genotyping by using directional trials with automatically designed primer sets and a routine protocol for the reaction condition tests. The T m -shift SNP markers developed in our experiments exhibited highly reproducible and clear results in linkage map construction experiments in eggplant and tomato (manuscript in preparation). These markers have also been applied for marker-assisted breeding programs where unrefined DNA samples prepared from a large number of individuals must be handled in a short period of time. Because it provides an improved and stabilized success rate for marker development, T m -shift PCR will be an excellent method for SNP genotyping from the viewpoint of cost, reproducibility, ease, and versatility when there is a need to design and handle a relatively large number of markers. 
